The antibacterial activity of a water-soluble chitosan derivative prepared by chemical modification to quaternary ammonium compound N,N,N-trimethylchitosan (TC) was investigated against four selected waterborne pathogens: Aeromonas hydrophila ATCC 35654, Yersinia enterocolitica ATCC 9610, Listeria monocytogenes ATCC 19111 and Escherichia coli O157:H7 ATCC 32150. An inactivation of 4 log CFU/ml of all waterborne pathogens was noted for the quaternized chitosan as compared with chitosan over a short contact time (30 min) and low dosage (4.5 ppm) at ambient temperature. A marked increase in glucose level, protein content and lactate dehydrogenase (LDH) activity was observed concurrently in the cell supernatant to be a major bactericidal mechanism. The results suggest that the TC derivative may be a promising commercial substitute for acid-soluble chitosan for rapid and effective disinfection of water.
INTRODUCTION
Presence of microbes in drinking water caused by contamination with animal and human excreta represents the most common and widespread health risk associated with water consumption worldwide (WHO ). Ingestion of these microbial agents can result in various severe human diseases, including legionellosis, cholera, pneumonia, acute gastritis, bacteremia and septicemia most of which manifest as diarrhea (Ashbolt ) . Conventionally available water treatment processes for the removal of these waterborne pathogens includes boiling, filtration, coagulation/flocculation and disinfection. Environmental considerations demand to develop strong, economically viable and ecofriendly replacements of conventional synthetic flocculants and disinfectants, based upon the renewable organic materials which are economical and degrade naturally, if ever released in the environment.
Chitosan is a copolymer of glucosamine and N-acetylglucosamine units linked by 1,4-glucosidic bonds and it is obtained through the alkaline hydrolysis of chitin (No & Meyers ) . The high biodegradability and non toxicity to mammals have enabled chitosan to be widely used as antimicrobial agent either alone or blended with other natural polymers (Rabea et al. ; El Hadrami et al. ) . The antimicrobial activity of chitosan against a variety of bac-because of its poor solubility above pH 6.5, since chitosan starts to lose its cationic nature and becomes poorly soluble (Rabea et al. ) . Therefore, the water solubility is an important factor in applications of chitosan as an antimicrobial agent, and subsequent efforts have focused on the preparation of derivatives soluble in water over a wide pH range (Lim & Hudson ) . Chemical modification of chitosan and several derivatives with high solubility in water have been attempted, moreover, chitosan derivatives con- Whereas the bactericidal effect of concentrated chitosan against Gram-negative and Gram-positive bacteria has been reported, its action on Gram-negative bacteria seems to be less significant (Takemono et al. ; Kim & Choi ) .
Thus for practical purposes, studies with superior chitosan derivatives against a range of Gram-negative pathogens are desired as the bactericidal studies encompassing a wide range of bacterial pathogens by chitosan derivatives are rare. In the present study, we sought to evaluate the antibacterial properties of a quaternized chitosan derivative against four bacterial pathogens transmitted through contaminated water. It was envisaged that the results would be beneficial in formulating a novel approach for disinfecting water.
MATERIALS AND METHODS

Chemicals
Chitosan (85% deacetylated) was procured from SigmaAldrich (USA) and all other reagents were of the highest grade available commercially.
Bacterial strains and culture conditions
In total, four bacteria associated with potential to cause waterborne disease were used in this study. N-methylchitosan (400 mg; 8 mmole) was dispersed in N-methyl-2-pyrrolidone (12 ml) with sodium iodide (0.5 g; 3.33 mmole). The mixture was vigorously agitated at 60 W C for 1 h after which 15% w/v NaOH (2.2 ml) and methyl iodide (1 ml; 0.045 mmole) were added. The product was precipitated using acetone (36 ml), filtered and vaccum dried after the continued stirring for 6 h at 60 W C. White precipitates obtained were redissolved in deionized water and dialyzed for 24 h. The dialysate was lyophilized to obtain a white powder (yield 70%; 280 mg).
NMR analysis
1 H NMR spectra of chitosan and the N,N,N-trimethyl derivative were recorded using Bruker Avance II (400 MHz) spectrometer. The degree of quaternization (DQ) of the derivative was evaluated by titration of iodide ions (Belalia et al. ) .
Determination of flocculating activity
The flocculating activity was measured according to the method described earlier ( ). In both cases, 40% CaCl 2 solution was added in order to increase the flocculation activity and reference samples were also prepared without biopolymers and the pH was adjusted to 7.0 with 1 N NaOH. The solution was thoroughly vortexed for 30 s and allowed to stand at room temperature for 5 min. Two milliliters of aliquots were withdrawn from the upper phase and absorbance was recorded at 550 nm with a spectrophotometer (U-2800, Hitachi, Japan). The activity was measured in percent as follows
where A is the absorbance of the sample at 550 nm, and B is the absorbance of the reference at 550 nm.
Evaluation of antibacterial activity
The antibacterial spectrum of TC was determined against waterborne pathogens by the agar disc diffusion assay and Residual water and benzene were removed thereafter by lyophilization to obtain a pure product.
Flocculation efficiency
The flocculation efficiencies (FE) of TC at pH 4, 7 and 10 are illustrated in Figure 2 
Antibacterial activity
Results obtained by the agar disc diffusion assay of the quaternized biopolymer against the waterborne pathogens indicated that the inhibitory effect of chitosan after quaternization (in TC) was significantly (p < 0.05) higher than that of chitosan as evidenced by the inhibition zones (Figure 3 ). The order of zone of inhibition with TC were found to be Yersi- quaternized chitosan derivatives with an alkyl group would be expected to strongly interact with cytoplasmic membranes due to the hydrophobic affinity between the introduced alkyl group and the phospholipids, leading to an enhanced bactericidal activity. Dose optimization experiments indicated a concentration of 2 ppm, sufficient to inactivate the bacterial strain of Yersinia; however, the dose was higher and extended for up to 4.5 ppm for 
